Ammonium DiNitramide (ADN) is one of the most promising green energetic oxidizer for future rocket propellant formulations. In the present work, we report a detailed theoretical study on structural, elastic and vibrational properties of the emerging oxidizer under hydrostatic compression using various dispersion correction methods to capture weak intermolecular (van der Waals & hydrogen bonding) interactions. The calculated ground state lattice parameters, axial compressibilities and equation of state are in good accord with the available experimental results. Strength of intermolecular interactions has been correlated using the calculated compressibility curves and elastic moduli. Apart from this, we also observe discontinuities in the structural parameters and elastic constants as a function of pressure. Pictorial representation and quantification of intermolecular interactions are described by the 3D Hirshfeld surfaces and 2D finger print maps. In addition, the computed infra-red (IR) spectra at ambient pressure reveal that ADN is found to have more hygroscopic nature over Ammonium Perchlorate (AP) due to the presence of strong hydrogen bonding. Pressure dependent IR spectra show blue-and red-shift of bending and stretching frequencies which leads to weakening and strengthening of the hydrogen bonding below and above 5 GPa, respectively. The abrupt changes in the calculated structural, mechanical and IR spectra suggest that ADN might undergo a first order structural transformation to a high pressure phase around 5-6 GPa. From the predicted detonation properties, ADN is found to have high and low performance characteristics (D CJ = 8.09 km/s and P CJ = 25.54 GPa) when compared with ammonium based energetic oxidizers (D CJ = 6.50 km/s and P CJ = 17.64 GPa for AP, D CJ = 7.28 km/s and P CJ = 18.71 GPa for ammonium nitrate) and well-known secondary explosives for which D CJ = ∼ 8-10 km/s and P CJ = ∼ 30-50 GPa, respectively.
I. INTRODUCTION
Investigation and development of low toxicity and eco-friendly green energetic (primary, secondary explosives, oxidizers, and propellants) materials become an emerging field of research during the last decade. Especially, usage of green energetic oxidizers and propellants for pyrotechnic formulations prevents environmental pollution.
1 Ammonium Perchlorate (AP, NH 4 ClO 4 ) and Ammonium Nitrate (AN, NH 4 NO 3 ) are widely used energetic oxidizers. However, AP produces HCl as a combustion product; for instance, 503 tonnes of propellant containing AP liberates 100 tonnes of HCl and other chlorine containing compounds during its burning, thereby causing "Ozone layer depletion" in the stratosphere. Also, the large amount of HCl could cause "acid rain" and high concentrations of perchlorate can affect the function of the thyroid gland. 2 Consequently, AN was considered to be an environment-friendly alternative to AP but its extreme low enthalpy of formation and relatively low density prevents AN usage in solid composite propellants (SCP). 3 Therefore, there is a significant interest in finding environmentally benign replacements for the extensively used AP and AN. Ammonium DiNitramide (ADN, NH 4 N(NO 2 ) 2 ) has been identified as a promising new green energetic oxidizer for solid rocket propellants because of the desirable properties namely low sensitivity of ammonium salts, high-performance characteristics of nitramine compounds, high oxygen balance and absence of chlorine atoms. 4 Apart from this, a shuttle can transport 8% more mass into orbit by using ADN as a propellant in place of AP.
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On the other hand, high pressure/temperature polymorphs and structural phase transitions have much impact on the fundamental properties such as intermolecular interactions, chemical bonding, crystal structures, thermo-elastic properties of energetic molecular solids.
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Two different energetic polymorphs display distinct energetic performance attributing different crystal density thereby changing in the detonation characteristics. Therefore, there is a significant interest in understanding the phase stability and polymorphism of energetic materials under extreme conditions. Extensive reports are available in the literature addressing the high temperature behavior and thermal decomposition of ADN. 16, 17 investigated the structural and electronic properties of ADN using plane wave pseudo potential approach at ambient as well as at high pressure (0-600 GPa) without treating intermolecular interactions. They found that ambient phase of ADN transforms to triclinic (P1) structure around 10 GPa. 17 However, the examined compound is an ionic-molecular solid and hence contribution towards intermolecular interaction from dispersion forces may be quite low but the ions are linked through hydrogen bonding networks. Therefore, investigation of this material by treating intermolecular interactions at ambient as well as at moderate pressures is crucial to obtain a fundamental knowledge at the atomistic level. With this motivation, in the present work, we have studied the pressure dependent structural, elastic and vibrational properties of ADN using dispersion corrected DFT-D2 method.
II. COMPUTATIONAL DETAILS
First principles calculations were accomplished with the projector augmented wave (PAW) method as implemented in VASP package. 18 Generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) parametrization was considered as the exchange-correlation functional to treat electron-electron interactions. 19 Structural and elastic properties were calculated by setting the convergence criteria below 1. Gilardi et al 30 reported that ADN crystallizes in the primitive monoclinic structure having space group P 2 1 /c with 4 molecules per unit cell at ambient conditions. The crystal structure and atomic labels corresponding to each inequivalent atom for one molecule present in the unit cell of ADN are given in figure 1 . In contrast to the two dimensional network of AN, the hydrogen bonds in ADN are directed tetrahedrally to form a three dimensional hydrogen bonded networks. ADN contains two independent three dimensional networks of hydrogen bonds. 30 The first one involves a hydrogen bonding chain propagating along c-axis by connecting one of the nitro group (N3-O3A-O3B) of the anion via O3A to hydrogen atoms H2 and H3 of the NH 4 cation (see figure 2a) . The second one associated with the anion consists of twisted O2A which is out of plane for the first nitro group of the anion to form hydrogen bonding through H1, H4 atoms and the adjacent layers of cation form a helical structure along b-axis (see figure 2b ). The two inter-penetrating patterns form two independent three dimensional hydrogen bonding networks as presented in figure 2 . In order to get the equilibrium ground state structure of ADN, we first performed the full structural optimization using PBE-GGA functional, various dispersion DFT-D (DFT-D2, vdW-TS, TS-SCS) and non-local vdW-DF correction methods by starting with single crystal X-ray diffraction data. 30 The obtained equilibrium volume with PBE-GGA functional is overestimated by around 13.2 %. While the predicted volumes are found to differ by +0.001 %, +4.0 %, +5.1 % and +0.003 % using DFT-D2, vdW-TS, TS-SCS and vdW-DF methods, respectively. Here '+' represents an overestimation of equilibrium volume when compared to the experiments. 30 Overall, we find a good agreement between our calculated equilibrium volume using D2 and vdW-DF methods when compared with the experiments and all the results are presented in Table I . In order to resolve this issue, we have extended our pressure range from 5-10 GPa in our calculations using DFT-D2 method. As illustrated in the inset of figures 3a-e, we could see a discontinuity in the lattice constants a, c and monoclinic angle β whereas lattice constant b exhibits monotonic behavior as a function of pressure up to 10 GPa. The discontinuities in the structural properties of ADN might suggest a structural transition/distortion around 6 GPa. Similar kind of discontinuities were seen in the case of solid nitromethane for the lattice constants and bond parameters using D2 method which discloses the structural phase transition in the pressure range 10-12 GPa.
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As illustrated in figure 3e, the volume is decreasing with pressure and a discontinuity is observed in the pressure range 6-7 GPa. Moreover, we have also computed the equilibrium bulk modulus (B 0 ) and its pressure derivative (B figure   7 . In addition, we also attempted to investigate the contribution of various intermolecular interactions (see figure 7) to the HS as a function of pressure up to 10 GPa in steps of 1 GPa.
As illustrated in figure 8 
C. Elastic constants and mechanical stability
Elasticity is a fundamental property of materials to examine their mechanical response to an applied stress. Quantifying and understanding the elastic properties of energetic materials is important to have a basic knowledge about the intermolecular interactions thereby analyzing stiffness of these materials. It has been previously reported 38 that stiffer the lattice less the sensitive it becomes to detonation from a mechanical shock initiation.
Several investigations were carried out to measure the elastic stiffness constants for the well known secondary explosives namely RDX, 38 HMX, 39,40 PETN, 41 and CL-20.
reveal that overall RDX is the stiffest lattice which indicates the relative insensitiveness of RDX when compared to the above secondary explosives such as HMX, PETN and CL-20. On the similar path, to understand the mechanical response and stiffness of the examined solid energetic oxidizer, we have also calculated the elastic stiffness constants for ADN. It is well known from single crystal X-ray diffraction measurements, 30 that ADN crystallizes in the monoclinic structure at ambient conditions and hence ADN possesses thirteen independent elastic constants. The obtained elastic constants at ambient pressure at D2 equilibrium volume are given in Table II . Also, the calculated elastic constants meet the well known Born's stability criteria indicating that the investigated compound is mechanically stable at ambient pressure. In addition, the three diagonal elements can be used to correlate with the strength of intermolecular interactions along three crystallographic directions. Based on the measured stiffness constants, Haycraft 42 reported that CL-20 should be most sensitive to detonation along a-axis and least sensitive along b-axis. Also, it is observed that C 11 is the stiffest elastic constant for PETN which makes PETN to be least sensitive along
[100] direction. 41 Similarly, the calculated ordering of diagonal elastic constants for ADN as follows: C 11 > C 33 > C 22 . C 11 is found to be the stiffest elastic constant for ADN, which is due to strong intermolecular interactions along a-axis. This implies that ADN is less sensitive to detonation along [100] direction similar to that of PETN. 41 The lower elastic moduli/high compressibilities reveal that ADN is found to be more sensitive to detonation along the b-crystallographic direction.
Furthermore to understand the mechanical stability under hydrostatic pressure, we have also calculated the elastic constants as a function pressure and these are depicted in figure 9a for the examined compound. As illustrated in figure 9a, 11 out of 13 independent elastic constants are increasing with pressure while the remaining two C 66 and C 46 are softening under compression. In addition, we also observe discontinuities in the elastic stiffness constants for 
The detailed vibrational spectra analysis of each vibrational mode for ADN at ambient pressure can be found elsewhere.
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To understand the hydrogen bonding and possible structural phase transformations in ADN, we have calculated the IR spectra at ambient as well as at high pressure. The calculated high frequency asymmetric and symmetric stretching bands of ADN in the near IR region are compared with AP at ambient pressure as presented in figure 10 . The stronger the hydrogen bonding is, the more is the displacement towards low frequency (red-shift) region that occurs. As illustrated in figure 10 , the high frequency N-H stretching modes of ADN show red-shift in comparison to the N-H stretching frequencies of AP which is consistent with the Fourier transform IR experiments. 4 This clearly indicates that ADN has stronger hydrogen bonding than AP due to which ADN can bind large amounts of water by forming strong hydrogen bonding networks. This could be the reason why ADN is more hygroscopic than AP. GPa may suggest a structural transition in ADN. Strengthening of hydrogen bonding above 5 GPa reveals that the high-pressure phase has stronger hydrogen bonding nature when compared to the ambient phase. ADN is found to be stable up to 5 GPa which is in good accord with the recent X-ray and neutron diffraction study.
14 While the abrupt changes in the structural, mechanical properties and weakening of hydrogen bonding strongly suggest that ADN undergoes a structural transformation around 6 GPa. There is an approximately 1 GPa deviation between structural, mechanical properties (discontinuities were observed between 6-7 GPa) and IR spectra (shift in the IR frequencies between 5-6 GPa) which is due to distinct pseudo potentials PAW and NC approaches were used in the present study.
E. Detonation Properties
The detonation characteristics namely detonation velocity and pressure are estimated and ADN, the solid state HOFs were obtained by converting the calculated gas-phase HOFs of ions using the Born-Haber cycle and Jenkins approach. 54 Computations for cations and anions were performed using the Gaussian09 program suite, 55 and the details are given in the supplementary material. 59 The calculated crystal density, HOF, detonation velocity and pressure are presented in Table III The high detonation characteristics of ADN reveal its unique energetic nature among the three ammonium based oxidizers.
IV. CONCLUSIONS
High pressure structural, mechanical and vibrational properties of ADN have been calculated using dispersion correction DFT-D and vdW-DF methods to capture weak intermolecular interactions. The obtained ground state lattice parameters and equilibrium bulk moduli are in good agreement with the experimental results. The calculated compressibility curves and elastic moduli reveal that ADN is found to be more compressible along b-axis which is due to weak helical structured hydrogen bonding network along that axis. We also observe a discontinuity in the lattice constants, bond parameters, and elastic moduli as a function of pressure. The calculated IR spectra at ambient pressure reveal that ADN is found to be more hygroscopic nature than AP due to relatively strong hydrogen bonding nature. Pressure dependent IR spectra show blue-and red-shifts which lead to weakening and strengthening of hydrogen bonding below and above 5 GPa, respectively. Overall, the calculated structural, mechanical and IR spectra suggest that ADN undergoes a structural phase transition in the pressure range of 5-6 GPa. The crystal structure of the high pressure phase of ADN is an open challenge and it will be carried out in near future using crystal structure prediction method. The calculated detonation characteristics reveal that ADN is a powerful energetic oxidizer when compared to AN and AP. under pressure up to 10 GPa using DFT-D2 method. Experimental data is taken from the Ref. 14 Here T and E represent theory and experiment, respectively. 
